I. Introduction
Ideal revolute joint has only one axial rotational degree of freedom. It is a common and unconstrained axis of the revolute joint. In a 3-D revolute clearance joint, one degree of freedom added between pin and hole assembly. Such assembly is under presence of different external forces such as contact, impact, friction, gravity etc. In this study pure contact method is addressed. The position of contact point during the rotation of linkages is unpredictable. Exact position is extracted from the 2-D constraint simulation of the four bar mechanism with clearance joint. Exact contact position gives the instantaneous maximum clearance between pin and hole. It is a geometrical approach to extract the contact point. A mass-less clearance link is constructed, which gives the instantaneous equivalent mechanism. Analysis of set of such instantaneous equivalent mechanism gives the variation in kinematic and dynamic parameters.
The performance deviation due to clearance in joint was addressed in previous work with different methodology. A geometrical model was used to explain and assess the output position or direction variation, to predict the limit of position uncertainty and to determine the maximum clearance. [1] A four-bar mechanism having two joints with clearance was considered as a model mechanism. A neural network was used to model several characteristics of joint clearance. Kinematic and dynamic analyses were achieved using continuous contact mode between journal and bearing. Kinematic analysis of the model mechanism comprises determining of displacements, velocities and accelerations of the mass centers of moving links. Loop closure equation from the vector representation of the clearance link was used for the analysis. [2] Equations are derived that describes the condition of clearance revolute joint without considering the hydrodynamic lubrication. The equations are governed by dimensionless parameter that depends on nominal motion, mass distribution and influence coefficient of the linkage in which the joint appears with clearance. [3] There are four sub cases of contact configurations. These are no contact, one point contact, two points contact, and line contact. There are four main modeling strategies for mechanical systems with revolute clearance joints, namely, the mass-less link approach, the spring-damper approach, the momentum exchange approach and FEM approach. Equations of motion of plane multilink mechanism with clearances were constructed by Hiroaki in 1978. Two joints with clearances and pure contact of a four bar mechanism were considered. [4] Typical contact-impact force models with dissipated effects are dependent on the contact velocities, and therefore, it is important to evaluate these velocities in order to account for the dissipative effects during the contact-impact process. [6] It has been observed that, in single loop linkage, joint clearances with same value contribute equally to deviation of the link from its ideal position. It is possible to assess the output position or direction variation, due to clearances allocated at the joints, by using geometrical model. [8] In this study, 2-D kinematic four bar mechanism is considered. Three joints with clearance are simulated for the additional degree of freedom occurred due to clearances in CAD software. Max clearance of 0.5 mm at the joint is assumed for the analysis. Twelve crank positions are considered for the study. The clearance link is constructed according to the contact position between pin and hole bearing surface of link. Equivalent linkage is constructed for twelve position and angular position for clearance link (ψ) and equivalent link (φ) is determined. Ideal four bar mechanism and set of twelve equivalent mechanisms are kinematically and dynamically analyzed in multi-body dynamic analysis software. The variation in angular velocity and angular acceleration of all four joints of ideal four bar mechanism and equivalent mechanisms were recorded. Similarly, joint forces were also recorded and compared with ideal mechanism.
Linkage parameters of proven example [13] are considered for the validation of approach used for the kinematic analysis of the four bar mechanism.
II.
Contact Position Analysis
Joint Clearance
The joint clearance is the difference of the diameters of the pin and hole of a joint. Fig-1 shows the enlarged view clearance link (c), which is a mass-less link. Minimum 20 to 30 microns clearance is required for assembly and to have relative motion between parts. In a revolute joint, joint clearance c is defined as the difference between the radii of bearing and journal, r B and r J , respectively. If there is no lubrication, the journal can move freely within the bearing until any contact between the two bodies take place. If the friction is negligible, the direction of joint clearance vector coincides with the direction of normal force at the contact point. When the continuous contact mode assumption between journal and bearing at each joint is considered, the clearances may be modeled as vectors which correspond to mass-less virtual links with the lengths equal to joint clearance. The clearance can be defined as, 
2.2
Rotatability Laws of Linkages An 'n' degree-of-freedom linkage is defined as a fully rotatable linkage, if the linkage will never encounter a dead position, where the linkage would temporarily lose its mobility. A linkage is fully rotatable if, 1) The linkage has a class I chain 2) Each short link has an input joint on it and 3) Each input joint connects at least one short link In a class I chain, the three longest links are called long links and the remaining links are short links. The sum of the lengths of all short links can never be greater than the length of any long link. A class I chain has the following rotatability properties. a. Each short link can be made to have a complete rotation with respect to any link in the chain. b. Any pair of long links can never become collinear or parallel to each other. c. The rotation range between two long links is always less than 180° [1] .
Let l 1 , l 3 and l 4 be the three long links and l 2 is the short link. The angle θ between any pair of long links, say l 2 and l 3 , must be in the range of θ min ≤ θ ≤ θ max , where,
Rotatability of Linkages with Clearance Links
Each joint clearance represented by a clearance link, an Nbar linkage is equivalent to a (2N)-bar linkage and the number of degree of freedom is increased from (N -3) to (2N -3). Because the sum of all clearance link lengths is much smaller than any nominal link length, adding clearance links does not change the classification of the resulting chain, unless the nominal linkage has a class III chain or one close to a class III chain.
If each of the (N -3) inputs is given between two nominal links, the equivalent linkage still has N degrees of freedom. The additional freedom is due to the uncertainty caused by the joint clearance. By giving random inputs to the N clearance links, the uncertain rotation region between nominal links can be determined.
[1]
Contact Prediction
Contact points at different positions of the mechanism are determined from contact position. Similar approach is followed for all three clearance revolute joint.
A four bar mechanism is constructed in CAD software considering the constraints due to clearance and simulated for the one revolution. A joint clearance mechanism is constructed with clearance of 0.5 mm. The mechanism is constructed with additional degree of freedom. This mechanism is kinematically simulated for additional degree of freedom. The construction is given in fig-4 and fig-5 for 30° crank position. Contact point is marked from the kinematic position and linkage parameters of the clearance link are measured from the CAD geometry. Thus the resultant link called as equivalent link is investigated. The equivalent linkage for each position is generated and analyzed with multi-body dynamic analysis software. Similar steps are followed for the twelve crank positions in one rotation. Position of the point of contact and clearance link for one revolution in the step of 30° are investigated and tabulated in table-1. 
Fig-4: Contact Position of a revolute joint with clearance

III. Equivalent Linkage
When the continuous contact mode between journal and bearing at a joint has occurred, the clearance vector is equal to the difference between journal and bearing radii. In the presence of clearance at a revolute joint, the two kinematic constraints lost, and two degrees of freedom consisting of the horizontal and vertical displacements of the journal center relative to bearing center are added to the mechanism motion. These movements may lead to uncertainties in the motion of mechanism. So, additional constraints are necessary to analyze the kinematics of a system.
Fig-5: Linkage Parameter of 4-R mechanism with clearance at joints.
Linkage parameters of ideal mechanism are tabulated below in table-2. Equivalent linkage is the resultant vector of the nominal link and the clearance link. Equivalent link is constructed considering the clearance of 0.5 mm which is exaggerated clearance used for the study. Linkage parameters (i.e. equivalent link and its position) are determined and the details are given in table-3. The variation in the nominal lengths of crank, coupler and follower of an equivalent linkage are graphically shown in fig-6 to fig-8 . Variation in nominal crank is from 0.76% minimum to 0.42 % maximum. Variation in the nominal coupler is from 0.52% maximum to 0.08% minimum, similarly for the follower 0.16% maximum to 0.18% minimum. This variations obtained on the linkage parameters is much higher than tolerances provided on the linkage. 
IV. Analysis Of Four Bar Mechanism
Ideal four bar mechanism is constructed in multi-body dynamic software. Results for kinematic and dynamic analysis are extracted. Similarly, set of twelve equivalent four bar mechanisms are constructed and variations in the angular velocity, angular acceleration of links and the joint forces are recorded. Dynamic parameters of the four bar mechanism are investigated for lower and higher crank Speed of 5 rpm and 1500 rpm respectively.
Linkage Parameters
Kinematic Analysis
Kinematic analysis is carried out. Results of angular velocities and angular accelerations of four revolute joints are determined and the plot of angular velocity vs crank angle of ideal four bar mechanism is shown in fig-9 and fig-10 . Similarly, plots of angular acceleration vs crank angle of ideal four bar mechanism shown in fig-11 and fig-12 .
Fig-9: Plot of angular velocity of coupler and follower (5 rpm crank speed)
The angular velocity and angular acceleration of equivalent mechanism are recorded and tabulated in table-5 and table-6. Joint between crank and coupler is denoted by Joint-2, whereas between coupler and follower and follower with the fixed link is denoted by Joint-3 and Joint-4 respectively. 
Fig-10: Plot of angular velocity of revolute joint (5rpm crank speed)
Max angular velocity of coupler is 0.2773 rad/sec and that of follower is 0.2378 rad/sec. Whereas minimum angular velocity of coupler is 0.2750 rad/sec and of follower is 0.2369 rad/sec. Maximum and minimum angular velocity plot of coupler and follower at constant crank speed of 1500 rpm is shown in fig-13 and plot of angular velocity of revolute joint is shown in fig-14 . Maximum angular velocity of coupler is 80.6485 rad/sec and of follower is 67.4412 rad/sec and minimum angular velocity of coupler is 80.299 rad/sec of follower is 68.3773 rad/sec. Angular velocity and angular acceleration of coupler; follower and all four revolute joints are tabulated in table-7 and table-8. Plot of angular acceleration is shown in fig-15 . Twelve crank positions of four bar mechanism with three clearance revolute joints are analyzed. The variations in angular velocity of coupler and follower are observed 1.59% and 1.05% respectively for slower crank speed of 5 rpm. Angular velocity of coupler and follower, for higher crank speed of 1500 rpm has variations of 1.57% and 1.04%. The variations in maximum angular velocity of coupler, follower and joints at constant crank speed of 5 rpm are shown in fig-16 to fig-18 , which is tabulated at table-9.
Fig-14: Plot of angular velocity of revolute joint (1500 rpm crank speed)
Similarly, variations of angular velocity of coupler, follower and revolute joints of four bar mechanism at constant crank speed of 1500 rpm is shown in fig-19 to fig-21 , respective data is placed at table-10. 
Dynamic Analysis
A mechanism is constructed in ADAMS multi body dynamic analysis software for twelve crank positions of the equivalent linkage parameters, which are investigated from CAD simulation of clearance joints. Joint forces are determined for the 90° crank position, form the dynamic analysis of a ideal four bar mechanism with joint clearance. fig-25 . Percentage contribution of three clearance joints on the joint forces is 1.68%, 1.98%, 3.33% and 2.19% on joint-1 to joint-4 respectively, for constant crank speed of 5 rpm. For higher crank speed of 1500 rpm it is 0.58%, 0.61%, 8.88% and 7.67%. An obtained result shows that the influence of clearance joints on joint forces is much higher on joint-3, i.e. the joint between coupler and follower, which degrades the performance of the mechanism. 
V. Conclusion
Presence of clearance in the joint leads to instantaneous change in the point of contact between pin and hole at each joint. A four bar mechanism was simulated with the three clearance joints. Surface contact is considered at each joint. Radial clearance (0.5 mm) at each joint forms a clearance link which is considered as mass-less link. Equivalent linkage was developed by virtue of clearance link causes variations in the link length which are 0.76 % for crank, 0.53 % for coupler and 0.12 % for follower link. Similarly, variation in max angular velocity of coupler is 1.59% for constant crank speed of 5 rpm and variation in max angular velocity of joint-3 is 1.44% for constant crank speed of 5 rpm.
Variations were investigated for higher crank speed of 1500 rpm. Angular velocity of coupler considering joint clearance is 1.57% for constant crank speed of 1500 rpm and max angular velocity of Joint-3 considering joint clearance is 1.42%. Considering pure contact, there is an effect of joint clearance on slower speed mechanism also. Contribution of joint forces on the mechanism varies from 3.334 % to 8.882 % for slower speed mechanism and higher speed mechanism which degrades the performance of mechanism.
